In recent years, a number of insecticidal proteins expressed during the vegetative growth phase of Bacillus thuringiensis have been identified (10, 11, 40, 46, 48) . These secreted vegetative insecticidal proteins (Vips) contrast with the widely investigated B. thuringiensis ␦-endotoxins, or insecticidal crystal proteins, which form parasporal inclusions primarily during the sporulation phase (38) . The Vips have shown a broad insecticidal spectrum, including activity toward a wide variety of lepidopteran and also coleopteran pests (10, 11, 46, 48) . The Vip3A toxin, an 88-kDa protein, is secreted into the culture medium by B. thuringiensis and displays high toxicity against a range of lepidopteran insects (10) .
B. thuringiensis ␦-endotoxins have been successfully used to control many crop pests by either traditional spray application or transgenic plant approaches. However, a number of cases of insect resistance to the B. thuringiensis ␦-endotoxins have been reported as a result of laboratory and, more rarely, field selections (13) . Therefore, searching for a new family of insecticidal toxins, with a mode of action different from ␦-endotoxins, is one facet of current strategies designed to delay resistance development. The mode of action of ␦-endotoxin is comprised of multiple steps (15, 38) . Crystal proteins are solubilized in the alkaline and often reducing lepidopteran gut environment, and then they are rapidly processed into the active form by midgut proteases. The activated toxin fragment then binds to specific receptors located on the brush border membrane of midgut epithelial cells. These membrane-bound toxins form ion channels and/or pores, leading to disruption of the midgut transmembrane potential and eventual insect death.
One of the interesting features of the Vip3A protein is that it shares no sequence homology with the known ␦-endotoxins (10) . The action of Vip3A has been examined and shown to be at the level of insect midgut epithelium, where binding to midgut cells is followed by progressive degeneration of the epithelial layer (48) . These molecular events are manifested behaviorally as well, as increasing amounts of Vip3A in an artificial diet correlate with interruption of feeding and gut clearance for susceptible insects (48) . In order to further understand the mode of action of Vip3A, we have examined selected steps critical to the mode of action of ␦-endotoxins, using the well-known Cry1Ab protein for comparison. Proteolytic activation, binding to isolated insect midgut brush border proteins, and an ability to form pores in two different in vitro assays have been investigated. Our findings indicate that while Vip3A shares some steps in the mode of action with Cry1Ab ␦-endotoxin, it utilizes a different molecular target and forms distinct ion channels compared to Cry1Ab.
MATERIALS AND METHODS
Bioassays. First-instar larvae of Manduca sexta obtained from the North Carolina State University insectary (Raleigh, N.C.), Ostrinia nubilalis obtained from Syngenta Research Station (Bloomington, Ill.), Agrotis ipsilon, Helicoverpa zea, and Spodoptera frugiperda obtained from French Agricultural Research Services (Lamberton, Minn.), and Danaus plexippus obtained from the University of Kansas insectary (Lawrence, Kans.) were used for bioassays. Activity of Vip3A toxin was determined by surface treatment assays. The toxin was serially diluted in phosphate-buffered saline (PBS) buffer, pH 7.4, and 100 l of each dilution was applied over the surface of an artificial black cutworm diet (Southland Products, Inc., Lake Village, Ark.) that was poured into footed petri dishes (Gelman Filtration Products, Ann Arbor, Mich.). Typically, 10 larvae were added to each dish, and mortality was measured after 5 days and compared to controls. For H. zea, larvae were placed in individual wells of a 24-well cell culture cluster plate (Corning Costar, Corning, N.Y.) similarly filled with diet and surface treated. Three replicates were used to support 50% lethal concentration (LC 50 ) determinations calculated by probit analysis (14) with the EPA probit analysis program (version 1.5; Washington, D.C.).
Toxin preparation and proteolysis. Cry1Ab toxin was expressed in Escherichia coli, purified, and trypsin activated as described previously (23) . Vip3A was overexpressed in E. coli as described by Yu et al. (48) and then purified with 18% ammonium sulfate precipitation followed by phenyl hydrophobic interaction column chromatography and DEAE ion-exchange chromatography. In order to obtain the truncated Vip3A toxin (ca. 62 kDa), the 88-kDa full-length toxin (Vip3A-F) was incubated with 1% trypsin (wt/wt) in PBS buffer, pH 7.4, at 37°C degree for 1 h; this toxin form was henceforth named Vip3A-T. Alternatively, lepidopteran gut juice was used to obtain a truncated Vip3A toxin (Vip3A-G; ca. 62 kDa). Gut juice was collected from M. sexta or O. nubilalis larvae by gently inducing regurgitation, and the gut juice was then centrifuged at 13,500 ϫ g for 10 min at 4°C before use. Gut juice extracts (supernatants) were diluted 50-fold with PBS, added to the Vip3A-F toxin, and incubated for 1 h at 29°C. Complete protease inhibitor cocktail (1 l, resuspended per the manufacturer's instructions; Roche Molecular Biochemicals, Indianapolis, Ind.) was added to stop the reaction. Toxin stability (all forms) was assessed on a sodium dodecyl sulfate-8 to 12% polyacrylamide gel electrophoresis (SDS-PAGE) gradient. Mark12 molecular weight markers (Novex) were used.
Biotinylation of toxins. Vip3A-F, Vip3A-G, and activated Cry1Ab toxin (each at 1 mg/ml) were dialyzed against 0.1 M borate buffer, pH 8.0, and then biotinylated using a biotin labeling kit (Roche Molecular Biochemicals) per the manufacturer's instructions. Nonreacted biotin-7-NHS reagent was removed by gel filtration on a prepared Sephadex G-25 column per the manual instructions (Roche Molecular Biochemicals).
BBMV-binding assays. Brush border membrane vesicles (BBMV) were prepared from last-instar M. sexta and O. nubilalis larval midguts by the differential magnesium precipitation method as described by Wolfersberger et al. (47) . The final pellet was resuspended in the binding buffer, consisting of 8 mM NaHPO 4 , 2 mM KH 2 PO 4 , and 150 mM NaCl (pH 7.4), and the protein concentration was measured using the Coomassie protein assay reagent (Pierce Biotechnology, Inc., Rockford, Ill.). For qualitative estimation of competitive binding, 5 nM biotinylated Cry1Ab or Vip3A-G toxin was incubated with 10 g of BBMV in the presence or absence of 250-fold excess unlabeled Cry1Ab or Vip3A-G, respectively. After 1 h of incubation at room temperature (RT), reaction mixtures were centrifuged at 13,500 ϫ g for 10 min. The pellets were washed three times with binding buffer containing 0.1% bovine serum albumin (BSA). Final pellets were resuspended in the binding buffer without BSA and mixed with Laemmli sample buffer (21) prior to SDS-PAGE (8 to 16% gradient; Tris-glycine Novex gels; Invitrogen, Carlsbad, Calif.). For visualization, proteins were transferred to Novex polyvinylidene difluoride (PVDF) membrane (Invitrogen) and probed with streptavidin-conjugated peroxidase (Roche Molecular Biochemicals) and the SuperSignal West Pico chemiluminescence kit (Pierce).
Identification of Vip3A and Cry1Ab toxin-binding proteins by BBMV ligand blotting. BBMV proteins (20 g) from M. sexta were separated via SDS-PAGE (4 to 12% gradient) and transferred to PVDF membrane. Biotinylated Cry1Ab and Vip3A-G toxins were incubated with the membrane for 4 h at RT. The toxin-binding proteins were visualized with streptavidin-conjugated peroxidase (Roche Molecular Biochemicals) and the SuperSignal West Pico chemiluminescence kit (Pierce). SeeBlue Plus2 (Novex) prestained standards were used.
Purification of M. sexta APN receptor. M. sexta BBMV proteins were resuspended at 1 mg/ml in 20 mM Tris, pH 7.4, 3.4 mM EDTA, with Complete protease inhibitor cocktail (Roche Molecular Biochemicals). BBMV proteins were solubilized with 0.5% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS; Sigma Chemical Co., St. Louis, Mo.), pH 8.5, overnight at 4°C, and insoluble materials were removed by centrifugation at 10,000 ϫ g for 10 min. Supernatants were concentrated by Amicon YM-30 filtration (Millipore Corp., Bedford, Mass.) and applied to a MonoQ HR 10/30 ion-exchange column (Amersham Pharmacia Biotech, Piscataway, N.J.) equilibrated with 20 mM Tris, pH 7.4, 3.4 mM EDTA, 0.4 mg of CHAPS/ml. Proteins were eluted at a flow rate of 0.5 ml/min using a step gradient of 1 M NaCl in the same buffer. Fractions were then analyzed for aminopeptidase activity by a leucine-p-nitroanilide assay described previously (43) . Aminopeptidase N (APN)-active fractions were probed with anti-APN polyclonal serum using ligand blotting overlays. Appropriate fractions were reconcentrated and repurified by Superdex 200 in HEPES, pH 7.4 buffer. A single peak corresponding to a 120-kDa protein was collected.
Cloning and expression of a cadherin ectodomain. Total RNA was prepared from a last-instar M. sexta larva using the SV total RNA isolation system (Promega Corp., Madison, Wis.), and cDNA was synthesized using the SMART cDNA library construction kit (Clontech, BD Biosciences, Palo Alto, Calif.). The ␦-endotoxin-binding region from the cadherin ectodomain of BT-R 1 described by Dorsch et al. (7) was PCR amplified from the M. sexta cDNA with a 5Ј ectodomain oligonucleotide (5ЈGGATCCGATGGGCCTCGATCCTGTTCGC AACAGGTT3Ј) and a 3Ј ectodomain oligonucleotide (5ЈGGCTCGAGCTAG AACACGAAGTAGACGCGGTTCTGC3Ј). The PCR product was cloned into pCR2.1-TOPO vector (Invitrogen) for sequencing. Then, the ectodomain insert was cut with BamHI-XhoI and cloned into the pTriEx-2 vector (Novagen, Inc., Madison, Wis.) and transformed into either Origami(DE3)pLacI or Tuner(DE3) pLacI E. coli cells (Novagen, Inc.) according to the manufacturer's instructions. Cultures were induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 3 h at 37°C, and the cells were disrupted with BugBuster protein extraction reagent (Novagen, Inc.). This toxin-binding region (TBR) from the cadherin ectodomain was then purified from the soluble fraction using a His⅐Bind resin (Novagen, Inc.).
Binding of toxins to the purified M. sexta APN and cadherin ectodomain TBR. Purified APN protein (2.5 g) was blotted onto PVDF membrane (Invitrogen) following SDS-PAGE. The membrane was blocked with 3% BSA for 1 h and incubated with 10 nM biotinylated Vip3A-G or Cry1Ab toxin for 2 h at RT. After washing with TTBS buffer (20 mM Tris, 500 mM NaCl [pH 7.5], 0.05% Tween 20, and 0.01% Triton X-100), the bound toxins were probed with streptavidinconjugated horseradish peroxidase (Roche Molecular Biochemicals) and the SuperSignal West Pico chemiluminescence kit (Pierce). Similarly, cadherin ectodomain TBR protein (6 g) was blotted onto a nitrocellulose membrane following SDS-PAGE. After blocking, the membrane was incubated with 10 nM biotinylated Cry1Ab or biotinylated Vip3A-G protein for 2 h at RT. After washing the membrane, bound toxins were probed with streptavidin-conjugated horseradish peroxidase and an ECL chemiluminescence kit (Amersham Pharmacia Biotech).
Voltage clamping assays. Voltage clamping assays were performed as described previously (3). Late-fourth-instar M. sexta or D. plexippus larvae were dissected, and midguts were mounted on a disk 3.9 mm in diameter. (Note: M. sexta and D. plexippus were chosen as the susceptible and nonsusceptible insects for these assays due to the size limitations of the other lepidopteran larvae available.) A standard chamber buffer (32 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 240 mM sucrose in 5 mM Tris, pH 8.3) was used to bathe the isolated midgut. After 20 to 30 min, allowing for stabilization of the midgut conditions, 15 nM Vip3A-F, Vip3A-G, or Cry1Ab toxin was added to the lumen side of the chamber and the change in short circuit current (I sc ) over time (in minutes) was recorded. During the experiment, the chamber solution was bubbled continuously with oxygen. The I sc was tracked with a Kipp and Zonen chart recorder (Bohemia, N.Y.), and data were collected with the MacLab data acquisition system (ADInstruments, Grand Junction, Colo.) on a Macintosh computer.
Planar lipid bilayers. Planar lipid bilayers were formed in aqueous solution by painting a 1:1 molar solution (35 mg/ml in decane) of 1-palmitoyl-2-oleoylphospatidylcholine:1-palmitoyl-2-oleoyl-phospatidylethanolamine (Avanti Polar Lipids, Pelham, Ala.) across a 0.20-to 0.25-mm aperture in a Delrin plastic bilayer chamber (cups and chambers purchased from Warner Instruments, Hamden, Conn.). Bilayer thinning was monitored visually with a 30ϫ zoom stereo microscope (GZ40; Leica Microsystems, Inc., Bannockburn, Ill.) and through membrane capacitance measurements (3910 bilayer expander module; Dagan Corp., Minneapolis, Minn.). The bilayer buffer typically consisted of 300 mM KCl, 5 mM CaCl 2 , 50 mM Tris, pH 8.5. Cry1Ab and Vip3A toxins were typically added from 50 mM Tris, pH 8.5, solutions to the cis side of the bilayer to a concentration of 75 to 150 ng/l. All additions were accompanied by 30 s to 1 min of stirring. Bilayer membranes were voltage clamped in the outside-out submode using a Dagan 3900A integrating patch-clamp amplifier (Dagan Corp.) with Ag/AgCl electrodes connected to cis or trans sides via agar bridges. The trans side served as the ground with a positive membrane potential affording a positive current from trans to cis. (Note: the Dagan 3900A achieves this by applying the inverted command to the bath, or cis, electrode.) Currents were typically lowpass Bessel filtered at 500 Hz (Dagan 3900A) and then sampled at 2.5 kHz using Axoscope 8 data acquisition software (Axon Instruments, Union City, Calif. ships were formed from mean current amplitudes of the predominant single channel type present over stepped voltages typically between Ϯ80 mV. Determination of Vip3A and Cry1Ab channel ionic selectivity. For examination of cation selectivity of subsequently added channels, the planar lipid bilayer membrane was first formed in the presence of symmetrical buffer with only 100 mM KCl, and then 4 M KCl was added to the cis side only to bring its net concentration up to 300 mM KCl. For examination of cation specificity, the membrane was first formed in the presence of symmetrical 5 mM CaCl 2 , 50 mM Tris, pH 8.5, and then 4 M KCl and 4 M NaCl were added to the cis and trans sides, respectively, to achieve the asymmetrical 300 mM KCl:300 mM NaCl condition. Current-voltage relations were plotted, and reversal potentials (E rev ) were thereby determined under the various ionic conditions. These data were then applied to modified forms of the Goldman-Hodgkin-Katz voltage equation (1) or (2) (18, 22) to determine cation selectivity (P K /P Cl ) or cation specificity (P K /P Na ), respectively.
Thermodynamic activities (a) were calculated using the corresponding molar activity coefficients (45) for the applied potential (v) and ground sides (o) of the membrane in equation 1 or for outside (cis) and inside (trans) sides in equation 2. F, R, and T are Faraday's constant, the Gas constant, and temperature in degrees Kelvin. All experiments were carried out at RT (Ϸ23°C).
RESULTS
Biological activity of Vip3A. Among a selected group of lepidopteran pests, Vip3A was most toxic to A. ipsilon and S. frugiperda but without detectable activity toward O. nubilalis and D. plexippus (Table 1 ). The inactivity against O. nubilalis has been suggested previously (10, 48) , whereas to our knowledge, our data afford the first report documenting Vip3A inactivity toward D. plexippus ( Table 1) .
Proteolysis of Vip3A toxin by lepidopteran gut proteases. Proteolytic activation of the 88-kDa Vip3A-F to an approximately 62-kDa form occurred via the action of either trypsin (Fig. 1A) or gut juice extracts from the susceptible M. sexta, or nonsusceptible, O. nubilalis, insects (Fig. 1B) . Other digestion assays employing gut juice extracts from the susceptible insect H. zea exhibited very similar protein patterns, whereas the patterns produced after digestion with the susceptible A. ipsilon or S. frugiperda gut juice extracts showed less stable Vip3A-G protein with more degradation products evident on the gel (data not shown). These data indicate that the proteolytic activation process alone is not a key factor in insect toxicity and specificity. Also, after in vivo feeding of biotinylated Vip3A-F to M. sexta, Vip3A-F was converted to the 62-kDa truncated form, confirming this activation step (data not shown).
BBMV-binding assays. Vip3A toxin-binding properties have been assessed by competition binding assays using biotinylated Vip3A-G. The biotinylated Vip3A-G bound to M. sexta BBMV in a competitive fashion, as a 250-fold molar excess of unlabeled Vip3A-G significantly reduced the remaining signal (Fig.  2) . Biotinylated Vip3A-G also bound to O. nubilalis BBMV; however, the total amount of bound Vip3A-G was significantly reduced for this nonsusceptible insect compared to M. sexta (Fig. 2) . Vip3A-G binding to O. nubilalis BBMV was also shown to be competitive (Fig. 2) . In addition, BBMV-binding assays with another susceptible insect, H. zea, also showed competitive binding (data not shown).
In vitro binding assays to known Cry1A receptors. In order to evaluate binding properties of Vip3A-G to known Cry1Ab receptors, additional in vitro toxin-receptor binding assays were conducted. A 120-kDa APN, a known Cry1A receptor, was purified from M. sexta BBMV as confirmed by a single band on SDS-PAGE (data not shown). APN blotting experiments following SDS-PAGE demonstrated that biotinylated Cry1Ab bound strongly to APN as expected, while biotinylated Vip3A-G showed no binding (Fig. 3A) . Furthermore, no binding was observed with Vip3A-G to APN where the protein was directly blotted onto PVDF membrane under nondenaturing conditions (data not shown). In addition, in vitro binding to the ectodomain (EC) of the 210-kDa cadherin-like protein was examined. Previously EC11, located near the membrane-proximal extracellular domain of cadherin, was identified as a Cry1Ab TBR (7, 29) . In the present study, a 172-amino acid (aa) TBR peptide was expressed in the pTriEX-2 vector, which carries an additional 62 aa from a His tag and S-tag at the N-terminal end. A resulting ca. 25-kDa protein was then purified and blotted onto nitrocellulose membrane. Biotinylated Cry1Ab showed strong binding to this ectodomain TBR, whereas Vip3A-G did not show any binding (Fig. 3B) .
BBMV ligand blotting. To identify Vip3A-binding proteins present in M. sexta, BBMV ligand blotting was performed. Whereas biotinylated Cry1Ab showed binding to 120-kDa APN-like and 210-kDa cadherin-like molecules, Vip3A-G did not (Fig. 4A) . Biotinylated Vip3A-G toxin primarily showed binding to two proteins of ca. 80 and 110 kDa (Fig. 4B) . The latter protein was clearly different in migration than the 120-kDa APN-like protein which bound Cry1Ab (from the same blot). A control BBMV blot without biotinylated toxin showed no interaction with the streptavidin-conjugated peroxidase (data not shown).
Voltage clamping analysis. Voltage clamping experiments were performed with both M. sexta and D. plexippus larval midguts ( Fig. 5A and B, respectively) . The slope of the inhibition of I sc over time in response to lumen-side toxin addition was calculated for both insects. In these experiments, I sc is proportional to the ion flux from the hemolymph side of the midgut membrane to the lumen side. With M. sexta midgut and 15 nM Cry1Ab, the I sc inhibition had a slope of Ϫ8.1 A/min. Cry1Ab serves as a positive control in these assays due to its known pore-forming activity toward M. sexta (33, 34 1 and 2) and O. nubilalis BBMV (lanes 3 and 4) . Biotinylated Vip3A-G toxin (5 nM) was incubated with 10 g of BBMV in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of a 250-fold excess of unlabeled Vip3A-G toxin. BBMV-bound toxins were visualized as described in Materials and Methods. did not show any pore-forming activity even at 150 nM; however, subsequent addition of Cry1Ab toxin to the Vip3A-Ftreated midgut demonstrated responsiveness ( Fig. 5A ) with an I sc inhibition slope of Ϫ7.6 A/min. Vip3A-G differed from Vip3A-F in that it clearly possessed pore-forming activity at 15 nM with an I sc inhibition slope of Ϫ1.1 A/min. With a 10-fold molar increase, Vip3A-G showed only a slightly steeper response, with an I sc inhibition slope of Ϫ1.8 A/min (Fig. 5A ).
To further examine the relationship between Vip3A biological activity and these in vitro assays, the voltage-clamp response of a nonsusceptible insect larval midgut, D. plexippus, was tested. While Cry1Ab (which can exhibit toxicity to D. plexippus larvae) showed a pore-forming response with an I sc inhibition slope of Ϫ8.8 A/min (Fig. 5B) , Vip3A-G (nontoxic to D. plexippus) failed to show any pore formation. Again, a subsequent addition of Cry1Ab toxin to this intact midgut demonstrated the typical Cry1Ab I sc inhibition response (slope ϭ Ϫ8.3 A/min) (Fig. 5B) . Ion channels formed by activated Vip3A and activated Cry1Ab. Vip3A toxin which was activated in vitro by either incubation with lepidopteran gut fluid (Fig. 6A) or trypsin (Fig.  6B and C) demonstrated the ability to form stable ion channels in the planar lipid bilayer system. This is in contrast to fulllength Vip3A, which to date has not shown ion channel activity in this same assay system. The channels formed by activated Vip3A were characterized by long open times (Fig. 6) and a predominant open state of 312 Ϯ 5 pS (n ϭ 3) under conditions of symmetrical 300 mM KCl. As the channels formed under these two activation methods did not appear to differ, the majority of experiments were conducted with the trypsinized version of Vip3A. Gating to other discrete open states was present on occasion (Fig. 6 C) , suggesting that the main open state of activated Vip3A is represented by a complex structure that is capable of some degree of ion conduction prior to the fully formed main open state of the channel. Under symmetrical conditions, the channels were voltage independent over the range of voltages tested (Fig. 6B to D) . Activated Cry1Ab formed ion channels with an apparent variety of open states (Fig. 7) ; however, a main conductance state of approximately 730 pS was observed under conditions of symmetrical 300 mM KCl. As has been reported for other Cry1-type channels (17, 31, 41) , Cry1Ab channels gave no indication of a strong voltage dependence over the voltage range of Ϯ80 mV ( Fig. 7B and  C) . Ion selectivity of Vip3A and Cry1Ab channels. Both Vip3A and Cry1Ab form channels which are highly cation selective. When examined in the presence of a threefold KCl gradient (see Materials and Methods), the reversal potential of both channel types shifted in a direction indicative of cation selectivity ( Fig. 6D and 7C; Table 2 ), which translated to P K /P Cl ratios of 10.7 Ϯ 4.6 and 7.0 Ϯ 2.6 for Vip3A and Cry1Ab, respectively (Table 2) . Neither channel was ideally cation selective, however, as was confirmed by comparison with gramicidin D in the same recording system (Table 2 ). Vip3A channels indicated very little specificity for potassium over sodium, with P K /P Na equal to 1.3 Ϯ 0.2 (Table 2) , whereas Cry1Ab channels exhibited more preference for conducting potassium, with P K /P Na equal to 1.9 Ϯ 0.3 ( Table 2 ). The specificity shown by gramicidin D channels (P K /P Na ϭ 3.3) ( Table 2 ) is close to that reported by Hille (18) .
DISCUSSION
In the present study, the mode of action of Vip3A, a member of a new family of B. thuringiensis toxins, has been investigated. As with ␦-endotoxins, the mode of action of Vip3A appears to be complex, involving a number of discrete steps. As might be expected with a secreted bacterial protein, Vip3A is soluble across a broad range of pH values from at least 5.0 to 10.0 (data not shown); this is important, as the toxin works following ingestion. Next, Vip3A is processed in the lepidopteran gut. Yu et al. (48) previously demonstrated that Vip3A is processed by lepidopteran gut juice extract (at pH 10.0) to four dominant bands of approximately 62, 45, 33, and 22 kDa while retaining activity toward susceptible insects. Recently, Selvapandiyan et al. (40) analyzed the insecticidal activity of Vip3A and several deletion mutants in a recombinant E. coli expression system. The authors concluded that a minimal toxic fragment exists which contains intact Vip3A residues 40 to 637 but that the toxin fragment may mediate activity toward different pests by different mechanisms. They did not, however, examine the resultant form of these toxins after exposure to lepidopteran gut fluid.
We have found that a dominant, stable, ca. 62-kDa protein (N terminus at aa 199) is formed by the action of susceptible or nonsusceptible lepidopteran gut juice extract as well as by trypsin under pH 7.5 conditions (Fig. 1) . In addition, after in vivo feeding assays with M. sexta, the 88-kDa Vip3A-F toxin is also processed into the stable 62-kDa form, as determined from SDS-PAGE analysis of dissected midguts (data not shown). Therefore, the proteolytic step should be included in a description of the fate of ingested toxin. Previously, Yu et al. http://aem.asm.org/ (48) observed that Vip3A-F processed by the action of gut juice from a nonsusceptible insect, O. nubilalis, could be rendered toxic to susceptible insects. Taken together, these data suggest that while proteolysis of Vip3A occurs, it alone is not a determining factor for insect specificity. We propose, however, that this processing is minimally required for the toxin bioactivity and can be considered as an activation step, as the full-length, unprocessed Vip3A-F is incapable of forming pores in vitro (see below), which we propose to be critical in the Vip3A mode of action. While no direct information is available regarding the next step, that of crossing the peritrophic membrane, histological data suggest that this does not afford a significant barrier for the toxin with susceptible insects (48) . Interaction with midgut epithelium is the next likely step in the Vip3A mode of action. Previous in vivo immunolocalization studies showed that Vip3A binding is restricted to the midgut tissue of a susceptible but not a nonsusceptible insect (A. ipsilon versus O. nubilalis, respectively), indicating that midgut epithelial cells of susceptible insects are the primary target (48) . To further elucidate this, we performed in vitro BBMV-binding experiments with Vip3A toward several insects. Biotinylated Vip3A-G binds to BBMV of the susceptible insect, M. sexta, in a competitive fashion, as binding is greatly inhibited by an excess amount of unlabeled Vip3A-G (Fig. 2) . In contrast to a previous report (48) , binding of Vip3A-G to the nonsusceptible insect, O. nubilalis, was also observed; however, the amount of this binding was greatly reduced compared to that for M. sexta (Fig. 2) . Perhaps this apparent discrepancy can be attributed to differing sensitivities of the detection methods used in the two studies. With B. thuringiensis ␦-endotoxin, the absence or reduction of BBMV binding is often observed where nonsusceptible or resistant insects are concerned; however, this general correlation does not always hold true (13, 38) .
Since the APN family and cadherin-like glycoprotein have been identified as putative Cry1A toxin receptors in many different insects (5, 20, 29, 37, 42, 43) , we also examined whether Vip3A-G could specifically recognize these proteins. First, Vip3A-G does not show binding to a 120-kDa M. sexta APN, whereas Cry1Ab toxin shows strong binding (Fig. 3A) . In addition, Vip3A-G does not show binding to a recombinantexpressed cadherin ecto-binding domain similar to that which was reported to interact strongly with Cry1A toxins (7, 29) . Again, we found that Cry1Ab toxin shows strong binding to this receptor (Fig. 3B) . Other reported cadherin ecto-binding domain regions (16) were not examined in our study. Following these results, in order to identify putative Vip3A-binding proteins, BBMV ligand blotting experiments with M. sexta were performed. Biotinylated Vip3A-G toxin predominantly binds to low-abundance ca. 80-and 110-kDa bands, generating a pattern that clearly differs from that of Cry1Ab (Fig. 4A) . Marginal binding is also observed (evident on the original blot) toward a Ͼ200-kDa molecule which does not comigrate with a cadherin-like protein. Therefore, our binding data strongly suggest that Cry1Ab and Vip3A do not share the same binding sites. Recently, a high-molecular-mass glycoconjugate (Ϸ270 kDa) was also reported as a Cry1A receptor in the gypsy moth (44); while we have not specifically examined its potential for interaction with Vip3A, no binding interaction with a protein of this size is indicated for M. sexta (Fig. 4B) .
The toxic events that follow binding of Vip3A to insect midgut epithelia could potentially be diverse. The action of Cry toxins as well as several other midgut-active insecticidal agents (2, 28, 32) commonly involve an osmotically induced cell lysis, although these agents are completely unrelated. For ␦-endotoxin, catalysis of and modulation of toxin-derived ion channels following receptor binding are established (31, 37, 39) ; however, additional mechanisms could account for other aspects of toxicity which are observed, such as larval behavioral changes, cessation of feeding, regurgitation, and gut paralysis (1, 9, 12) . Based on two separate voltage clamping techniques, our data support the existence of a pore-forming step in the mode of action of Vip3A following the binding to midgut epithelial receptors.
The voltage clamping of isolated insect midgut has been used previously to examine Cry1A ␦-endotoxins where direct correlations have been observed between biological activity and pore-forming activity (3, 33, 34) . Upon investigation of Vip3A-F and Vip3A-G toxins with isolated M. sexta midgut, we discovered that Vip3A-G is able to form pores while Vip3A-F toxin is not, even after prolonged incubation or increased concentration (Fig. 5A) . As Vip3A-G pores are capable of destroying the transmembrane potential, this suggests that pore formation may play a vital role in bioactivity. We found that the kinetics of Vip3A-G pore formation was at least eightfold slower than equimolar Cry1Ab toxin input and did not change markedly even after a 10-fold increase in the concentration of Vip3A toxin present (Fig. 5A) . A lower saturation of functional Vip3A-binding sites could be involved, as well as the possibility that assembly of and/or flux through the Vip3A-G pores differs from that with Cry1Ab. This eightfold difference in in vitro kinetics might relate to the more moderate toxicity of Vip3A toward M. sexta (LC 50 ϭ 176.3 ng/cm 2 ) ( Table 1 ) compared to that of Cry1Ab (we have determined a lower LC 50 value exists with Cry1Ab, 9 ng/cm 2 , with a 95% confidence interval of 6.5 to 12.2 [data not shown]). Voltage clamping data have again shown that this assay can discriminate between inactive and active toxins, as the Vip3A-G toxin is incapable of pore formation with the nonsusceptible D. plexippus, whereas the response to Cry1Ab is imminent (Fig. 5B) .
Planar lipid bilayer experiments validate and extend the conclusions from our isolated midgut voltage clamp data in that processed Vip3A demonstrates the ability to form distinct ion channels in the absence of any receptors. The Vip3A channels are quite stable over time, capable of long open times (Ͼ1 s) and of a large conductance status (Ͼ300 pS). Therefore, the cumulative effects of Vip3A channel formation provide the simplest explanation for the previously observed pore-forming response. Furthermore, the channels observed in vitro could reasonably be expected to account for the documented histological changes in susceptible insect midgut tissue (48) and the associated toxicity. As the biophysical properties of these channels also differ somewhat from those of Cry1Ab, we can conclude that these channels are structurally and functionally distinct from those of Cry1Ab and, by extension, perhaps from other homologous Cry-type toxins.
A recent review of channel-forming proteins and peptides described 36 known families of pore-forming toxins (36) . Excellent structural information exists for a few of these families with transmembrane segments formed by either a barrel of amphipathic ␤-sheets (e.g., alpha-hemolysin, aerolysin) or a bundle of amphipathic ␣-helices (e.g., colicin, diphtheria toxin, B. thuringiensis ␦-endotoxin). On the basis of detailed mutational analyses (4, 38) and three-dimensional crystal structure information (17, 24) , a three-domain structure is supported for ␦-endotoxins, with the channel-forming structure localized within domain 1 and likely modulated by domain 3 interactions. While direct structural information is lacking for Vip3A, primary sequence divergence and an examination of predicted secondary structure give no indication of a similar domain organization or a putative ␣-helical bundle region within the polypeptide sequence, as exists for the Cry-type channels (data not shown). Coupling these observations with the unique binding interactions present for Vip3A toward insect brush border leads one to conclude that Vip3A channels cannot be equated with those of the Cry proteins. Future molecular, biochemical, and biophysical analyses of Vip3A should help elucidate which elements comprise its ion channel structure and binding regions.
Previously, it was proposed that Vip3A might induce an apoptotic pathway after binding to its respective midgut receptors in susceptible insects (11) . This proposed mechanism of toxicity is not mutually exclusive from pore formation, as others have shown that pore formation by the bacterial toxins aerolysin or Staphylococcus alpha-toxin, leading to a loss of transmembrane potential, can induce an apoptotic-type cellular response (19, 30) . Similarly, toxic agents derived from sporulated B. thuringiensis cultures could induce apoptosis in cultured midgut cells from Heliothis virescens (25, 26) . While we hypothesize that the Vip3A pore-forming properties described herein might alone account for observed toxicity, this does not preclude that unique binding events and/or pore formation will be found to mediate other aspects of Vip3A bioactivity.
Several important strategies have been put in place to address concerns of resistance to B. thuringiensis ␦-endotoxins, particularly with their presentation in the form of transgenic crops (35) . Our data suggest that the unique midgut interactions involved with Vip3A and its receptor(s) render it potentially useful as a second-generation B. thuringiensis toxin for resistance management. Interestingly, in a laboratory culture of Spodoptera exigua, Moar et al. (27) found that the presence of HD1 B. thuringiensis var. kurstaki spores reduced the development of resistance to Cry1C. As this source strain is a potential source of the Vip3A gene (6, 8) , it is quite possible that expression of Vip3A may have contributed to these observations. Donovan et al. (6) recently demonstrated that Vip3A production was able to account for a significant component of toxicity via the "spore effect" in an HD1 strain toward A. ipsilon or S. exigua. While the development of resistance to B. thuringiensis ␦-endotoxin outside of the laboratory environment has only been documented in isolated cases (13) , it remains a concern for the future to better preserve and extend the usefulness of these important insect control agents. In that regard, one strategy involves the presentation of several toxins together, especially if a differing mode of action involving different receptors is available. We have shown that the mode of action of Vip3A differs in several steps compared to Cry1Ab; therefore, incorporation of Vip3A into insect control programs may serve to address ␦-endotoxin resistance concerns in addition to its own value as a control agent. 
